Introduction {#tca13337-sec-0005}
============

A total of 85% of lung cancers are non‐small cell lung cancer (NSCLC), which mainly consists of two histological types: adenocarcinoma (AC) and squamous cell carcinoma (SCC).[1](#tca13337-bib-0001){ref-type="ref"} The National Lung Screening Trial (NLST) shows that low‐dose CT (LDCT) could detect NSCLC at the early stage and significantly reduce mortality.[2](#tca13337-bib-0002){ref-type="ref"} However, LDCT has a high false‐positive rate (or a low specificity) in the early detection of lung cancer. Therefore, the development of body fluid‐based biomarkers for precisely diagnosing lung cancer at an early stage is clinically important.

It is well accepted that molecular changes in epithelial cells collected from the normal‐appearing mainstem bronchus of smokers could be developed as biomarkers for NSCLC.[3](#tca13337-bib-0003){ref-type="ref"} Sputum contains bronchial epithelial cells from the lungs and lower respiratory tract. Therefore, examination of the exfoliated bronchial airway epithelial cells in sputum can identify the lung tumor‐related molecular alterations, and thus provide a noninvasive and specific tool for diagnosis of NSCLC.[3](#tca13337-bib-0003){ref-type="ref"} MicroRNAs (miRNAs) are a class of small noncoding RNAs of ∼22nt in length.[4](#tca13337-bib-0004){ref-type="ref"} Dysregulations of miRNAs can drive multiple processes of tumorigenesis by regulating cell cycle, apoptosis, and migration.[4](#tca13337-bib-0004){ref-type="ref"} For example, we have shown that downregulations of miR‐486‐5p contribute to the development of NSCLC by regulating Pim‐1 and ARHGAP5.[5](#tca13337-bib-0005){ref-type="ref"}, [6](#tca13337-bib-0006){ref-type="ref"}, [7](#tca13337-bib-0007){ref-type="ref"}, [8](#tca13337-bib-0008){ref-type="ref"} We and others have also demonstrated that aberrant miRNA expressions detected in sputum biologically reflect those in primary lung cancer.[9](#tca13337-bib-0009){ref-type="ref"}, [10](#tca13337-bib-0010){ref-type="ref"}, [11](#tca13337-bib-0011){ref-type="ref"}, [12](#tca13337-bib-0012){ref-type="ref"}, [13](#tca13337-bib-0013){ref-type="ref"}, [14](#tca13337-bib-0014){ref-type="ref"}, [15](#tca13337-bib-0015){ref-type="ref"} We have recently developed a panel of two sputum miRNA (miR‐31‐5p and miR‐210‐3p) biomarkers for NSCLC with 65% sensitivity and 89% specificity.[16](#tca13337-bib-0016){ref-type="ref"} Furthermore, efforts have been made to develop cell‐free (eg, plasma) biomarkers by detecting the circulating molecules directly released from lung tumors. Plasma miRNAs released from primary lung tumors or the circulating cancer cells might also provide potential biomarkers for NSCLC. We have developed a panel of three plasma miRNA (miRs‐21‐5p, 210‐3p, and 486‐5p) biomarkers that have 75% sensitivity and 85% specificity for diagnosis of NSCLC.[17](#tca13337-bib-0017){ref-type="ref"}

Lung cancer is a heterogeneous disease and develops from complex molecular aberrations. The objective of this study was to evaluate whether integrated analysis of the miRNAs in sputum and plasma could improve the early detection of NSCLC.

Methods {#tca13337-sec-0006}
=======

Specimen collection and preparation {#tca13337-sec-0007}
-----------------------------------

The Institutional Review Boards (IRB) at University of Maryland Baltimore approved this study. Written informed consent was obtained from all participants. Sputum and blood samples were collected from the participants before they had any treatment as previously described.[7](#tca13337-bib-0007){ref-type="ref"}, [9](#tca13337-bib-0009){ref-type="ref"}, [16](#tca13337-bib-0016){ref-type="ref"}, [18](#tca13337-bib-0018){ref-type="ref"}, [19](#tca13337-bib-0019){ref-type="ref"}, [20](#tca13337-bib-0020){ref-type="ref"}, [21](#tca13337-bib-0021){ref-type="ref"}, [22](#tca13337-bib-0022){ref-type="ref"}, [23](#tca13337-bib-0023){ref-type="ref"}, [24](#tca13337-bib-0024){ref-type="ref"}, [25](#tca13337-bib-0025){ref-type="ref"}, [26](#tca13337-bib-0026){ref-type="ref"} The preparation of airway bronchial epitheliums from sputum was performed using a protocol developed in previous studies.[7](#tca13337-bib-0007){ref-type="ref"}, [9](#tca13337-bib-0009){ref-type="ref"}, [16](#tca13337-bib-0016){ref-type="ref"}, [18](#tca13337-bib-0018){ref-type="ref"}, [19](#tca13337-bib-0019){ref-type="ref"}, [20](#tca13337-bib-0020){ref-type="ref"}, [21](#tca13337-bib-0021){ref-type="ref"}, [22](#tca13337-bib-0022){ref-type="ref"}, [23](#tca13337-bib-0023){ref-type="ref"}, [25](#tca13337-bib-0025){ref-type="ref"}, [26](#tca13337-bib-0026){ref-type="ref"} Plasma was prepared from blood by using the standard operating protocols developed by The NCI‐Early Detection Research Network.[27](#tca13337-bib-0027){ref-type="ref"}

Quantitative reverse transcription PCR (qRT‐PCR) for determination of miRNA expression levels {#tca13337-sec-0008}
---------------------------------------------------------------------------------------------

RNA was extracted from the clinical specimens by using our established protocols.[9](#tca13337-bib-0009){ref-type="ref"}, [16](#tca13337-bib-0016){ref-type="ref"} The expressions of two miRNAs (miRs‐31‐5p and 210‐3p) in sputum, and three miRNAs (miRs‐21‐5p, 210‐3p, and 486‐5p) in plasma were determined by using Taqman miRNA assays (Applied Biosystems, Foster City, CA).[7](#tca13337-bib-0007){ref-type="ref"}, [9](#tca13337-bib-0009){ref-type="ref"}, [16](#tca13337-bib-0016){ref-type="ref"}, [19](#tca13337-bib-0019){ref-type="ref"}, [20](#tca13337-bib-0020){ref-type="ref"}, [21](#tca13337-bib-0021){ref-type="ref"}, [28](#tca13337-bib-0028){ref-type="ref"} The levels of miRNAs were measured by using a threshold cycle method with U6 as an internal control to normalize the expression of each gene.[7](#tca13337-bib-0007){ref-type="ref"}, [9](#tca13337-bib-0009){ref-type="ref"}, [16](#tca13337-bib-0016){ref-type="ref"}, [21](#tca13337-bib-0021){ref-type="ref"}, [29](#tca13337-bib-0029){ref-type="ref"}, [30](#tca13337-bib-0030){ref-type="ref"}, [31](#tca13337-bib-0031){ref-type="ref"} We included controls in each experiment: RNA extracted from a H358 NSCLC cell line (a positive control for RT, preamplification and ddPCR), genomic DNA (a positive control for genomic DNA detection), and nuclease‐free water (control for contamination). All experiments were repeated three times.

Statistical analysis {#tca13337-sec-0009}
--------------------

We expected that the study had ≥90% power at ≤1 false positives to detect miRNAs with fold change ≥2 between cancer patients and control subjects. To achieve the statistical criteria, ≥55 specimens from each group were required. Statistical analysis of RT‐qPCR data was done using Statistical Analysis System software version 6.12 (SAS Institute, Cary, NC). All *P*‐values were two‐sided, and a *P*‐value of \<0.05 was considered statistically significant. Furthermore, contingency table and logistic regression analysis were applied to determine the associations between the expression levels of the miRNAs and both clinicopathologic and demographic characteristics of the cases and controls. In addition, we analyzed the significantly associated miRNAs by using logistic regression models with constrained parameters as least absolute shrinkage and selection operator (LASSO) to eliminate the less relevant variables.[32](#tca13337-bib-0032){ref-type="ref"} We estimated functions of the combined miRNA biomarkers by logistic regression with or without adjustment for known risk factors for NSCLC. Receiver‐operator characteristic (ROC) curve analysis was undertaken using expression level for each miRNA from cancer patients and cancer‐free controls by Analyze‐it software (Analyze‐it Software, Leeds, UK). We also generated a 95% confidence interval for the difference in the area under the ROCs (AUCs) by using the bootstrap. We established the optimal cutoff value by using the Youden index. The results of the training cohort were blindly validated in the testing cohort by using leave‐one‐out cross validation. Moreover, to compare different miRNA biomarker panels, we computed their AUCs to determine the sensitivity and specificity as previously described.[17](#tca13337-bib-0017){ref-type="ref"}

Results {#tca13337-sec-0010}
=======

Patients {#tca13337-sec-0011}
--------

We enrolled patients between the ages of 55--80 who had ≥ a 30 pack‐year smoking history and were former smokers (quit within 15 years). Exclusion criteria included pregnancy, current pulmonary infection, surgery within six months, radiotherapy within one year, and life expectancy of \<one year. A total of 132 NSCLC patients and 127 cancer‐free smokers were recruited. No difference of age, race, gender and smoking status was observed in the lung cancer cases versus cancer‐free smokers. The cases and controls were randomly split into two cohorts: a training cohort and a testing cohort. The training cohort comprised 76 lung cancer patients and 72 cancer‐free smokers. The training cohort was used to simultaneously analyze sputum and plasma miRNAs, and hence develop an integrated panel of miRNA biomarkers for NSCLC. The testing cohort included 56 lung cancer patients and 55 cancer‐free smokers and was used for blindly confirming the results generated from the training cohort. Detailed demographic and clinical characteristics of the two cohorts are shown in Tables [1](#tca13337-tbl-0001){ref-type="table"} and [2](#tca13337-tbl-0002){ref-type="table"}.

###### 

Characteristics of NSCLC patients and cancer‐free smokers in a training cohort

                            NSCLC cases (*n* = 76)   Controls (*n* = 72)   *P*‐value
  ------------------------- ------------------------ --------------------- -----------
  Age                       67.45 (SD 12.35)         66.63 (SD 10.37)      0.33
  Sex                                                                      0.45
  Female                    27                       25                    
  Male                      49                       37                    
  Race                                                                     0.43
  White                     55                       52                    
  African American          21                       20                    
  Pack‐years (median)       35.46                    35.22                 0.38
  Stage                                                                    
  Stage I                   25                                             
  Stage II                  23                                             
  Stage III--IV             28                                             
  Histological type                                                        
  Adenocarcinoma            43                                             
  Squamous cell carcinoma   33                                             

NSCLC, non‐small cell lung cancer.

###### 

Characteristics of NSCLC patients and cancer‐free smokers in a testing cohort

                            NSCLC cases (*n* = 56)   Controls (*n* = 55)   *P*‐value
  ------------------------- ------------------------ --------------------- -----------
  Age                       66.87 (SD 11.36)         66.06 (SD 10.78)      0.39
  Sex                                                                      0.40
  Female                    20                       19                    
  Male                      36                       36                    
  Race                                                                     0.45
  White                     41                       39                    
  African American          15                       16                    
  Pack‐years (median)       35.68                    35.13                 0.38
  Stage                                                                    
  Stage I                   18                                             
  Stage II                  17                                             
  Stage III--IV             21                                             
  Histological type                                                        
  Adenocarcinoma            31                                             
  Squamous cell carcinoma   25                                             

NSCLC, non‐small cell lung cancer.

Individual sputum miRNAs and plasma miRNAs could distinguish lung cancer patients from cancer‐free controls {#tca13337-sec-0012}
-----------------------------------------------------------------------------------------------------------

In the training cohort, the two sputum miRNAs (miRs‐31‐5p and 210‐3p) and three miRNAs (miRs‐21‐5p, 210‐3p, and 486‐5p) exhibited a higher expression level in NSCLC patients versus cancer‐free smokers (all *P* \< 0.001) (Table [SS1](#tca13337-supitem-0001){ref-type="supplementary-material"}). Combined analysis of the two sputum miRNAs as a panel produced 0.82 AUC with 65.8% sensitivity and 87.5% specificity for diagnosis of NSCLC (Table [3](#tca13337-tbl-0003){ref-type="table"}). The expression level of both miR‐21‐5p and miR‐210‐3p in sputum was correlated to SCC (*P* \< 0.05). Therefore, the sputum miRNAs showed a higher sensitivity for diagnosis of SCC compared with AC (78.8% vs. 55.8%, *P* = 0.02), while having the same specificity (87.5%). However, the sputum miRNAs did not have a specific relationship with stage of lung cancer, and patients\' age, race, and gender (All *P* \> 0.05), but smoking history (*P* = 0.04).

###### 

Comparison of the integrated panel of two sputum and one plasma miRNAs with individual panels of sputum and plasma miRNAs in a training cohort

                                            AUC (95% CI)           Sensitivity (95% CI)       Specificity (95% CI)       
  ----------------------------------------- ---------------------- -------------------------- -------------------------- --
  Two sputum miRNAs                         0.816 (0.756--0.882)   65.79% (54.01%-- 76.29%)   87.50% (77.59%-- 94.12%)   
  The three plasma miRNAs                   0.852 (0.779--0.902)   75.00% (63.74%--84.23%)    83.33% (72.70%--91.08%)    
  Integrated 2 sputum and 1 plasma miRNAs   0.913 (0.864--0.956)   85.53% (75.58%-- 92.55%)   91.67% (82.74%-- 96.88%)   

AUC, the area under receiver operating characteristic curve; CI, confidence interval.

The analysis of the three plasma miRNAs had an AUC of 0.85, producing 75.0% sensitivity and 83.3% specificity for diagnosis of NSCLC (Table [3](#tca13337-tbl-0003){ref-type="table"}). The expression levels of the plasma miRNAs were related with AC. As a result, combined use of the three plasma miRNAs created a higher sensitivity (81.4.8% vs. 66.7%, *P* = 0.03) and the same specificity (83.3%) for diagnosis of AC vs. SCC. The plasma biomarkers did not have relationship with stage of NSCLC, and patients\' age, sex, ethnicity, and smoking history of the participants (All \> 0.05).

Integrated analysis of two miRNA biomarkers and one plasma miRNA biomarker has a synergistic effect on the early detection of NSCLC {#tca13337-sec-0013}
-----------------------------------------------------------------------------------------------------------------------------------

From the multiple sputum and plasma miRNA biomarkers, we used logistic regression models with constrained parameters as in LASSO to identify and optimize biomarkers. Two sputum miRNAs (miRs‐31‐5p and 210‐3p) and one plasma miRNA (miRNA‐21‐5p) were finally selected as the best and incorporated into an algorithm, producing 0.91 AUC for distinguishing lung cancer from cancer free subjects (Figure [S1](#tca13337-supitem-0001){ref-type="supplementary-material"}).

Integrated analysis of the three biomarkers by using this algorithm could produce a greater AUC than the individual sputum biomarker panel or plasma biomarker panel (0.91 vs 0.82 and 0.85, all *P* \< 0.05) (Table [3](#tca13337-tbl-0003){ref-type="table"}). Using Youden\'s index, we set the optimal cutoff at 3.52. Integrated use of the two sputum miRNAs and one plasma miRNA produced higher sensitivity (85.5%) and specificity (91.7%) than did the sputum and plasma biomarkers (all *P* \< 0.05) (Table [3](#tca13337-tbl-0003){ref-type="table"}). Furthermore, combined use of all the five biomarkers (two miRNA and three plasma biomarkers) did not produce higher sensitivity and specificity compared with the integrated panel of the three biomarkers (*P* \> 0.05). In addition, the estimated Pearson correlation among levels of the three miRNAs was very low (all *P* \> 0.05), suggesting that the integration had complementary classification for diagnosis of lung cancer. Moreover, in contrast to either the sputum or plasma miRNA biomarker panel used alone, integrated analysis of the three biomarkers across the different body fluids did not show a special association with histology of lung cancer. In addition, the integrated panel of biomarkers had no association with stage of lung cancer, and patients\' age, race, and gender (all *P* \> 0.05).

Validating the synergistic effect of the integrated panel of three miRNAs across the body fluids for diagnosis of NSCLC in the testing cohort {#tca13337-sec-0014}
---------------------------------------------------------------------------------------------------------------------------------------------

The two sputum miRNAs (miRs‐31‐5p and 210‐3p) and one plasma miRNA (miR‐21‐5p) were analyzed in the specimens of 56 lung cancer patients and 55 cancer‐free smokers. The integration of the three biomarkers across sputum and plasma showed higher sensitivity (83.9% vs. 64.3% and 75.0%) and specificity (90.9% vs. 87.3% and 83.6%) than did the individual sputum miRNA panel and plasma miRNA panel (all *P* \< 0.05) (Fig [1](#tca13337-fig-0001){ref-type="fig"}). Furthermore, integrated analysis of the three biomarkers did not display a particular relationship with histological types and stage of NSCLC, and patients\' age, race, and gender (all *P* \> 0.05), supporting the synergistic value of this integrated panel of biomarkers for the early detection of lung cancer.

![Compares the integrated panel of the three biomarkers with the individual sputum miRNA panel and plasma miRNA panel for lung cancer diagnosis in the testing cohort. The integration of the three biomarkers across sputum and plasma had higher sensitivity and specificity compared with the individual sputum miRNA panel and plasma miRNA panel. \**P* \< 0.05. ![](TCA-11-762-g002.jpg "image")Sputum biomarkers, ![](TCA-11-762-g003.jpg "image") plasma biomarkers, ![](TCA-11-762-g004.jpg "image")integrated sputum and plasma biomarkers.](TCA-11-762-g001){#tca13337-fig-0001}

Discussion {#tca13337-sec-0015}
==========

Most lung SCCs are located centrally, usually in the larger bronchi that join the trachea to the lung, whereas ACs often arise in peripheral lung tissue and originate from the smaller airways of the lungs. Sputum and plasma have different characteristics as surrogate material for molecular diagnosis of NSCLC. In particular, sputum miRNAs provide cell‐based biomarkers that are developed from molecular changes of the exfoliated bronchial epitheliums of large airways or main bronchial where SCC more commonly exists. In contrast, cell‐free plasma miRNA biomarkers are based on detecting the circulating molecules directly released from lung tumors and the floating cancer cells. Therefore, sputum biomarkers could be more sensitive for SCCs, whereas plasma biomarkers might be more sensitive for ACs. Given that altered miRNAs in sputum and plasmas contribute to lung tumorigenesis via the different mechanisms, integrating the miRNAs across the different body fluids may have a synergetic effect. Indeed, here we demonstrate that the combined analysis of the two sputum (cell‐based) miRNA biomarkers and one plasma (cell‐free circulating) miRNA biomarkers generates a better performance than did a single category of the miRNA biomarkers. Furthermore, no statistical association exists among the two sputum miRNAs and one plasma miRNA, further supporting that the integration of the two types of miRNA biomarkers might have a synergistic value. Through a complementary manner, integrating sputum miRNAs with plasma miRNAs could diagnose lung cancer, irrespective of the histology and stage. This finding is consistent with our previous discovery,[33](#tca13337-bib-0033){ref-type="ref"} in which combined analysis of miRNA expressions in circulating peripheral blood mononucleated cells and sputum might have a synergistic effect for lung cancer detection. Moreover, integrated analysis of the two sputum and one plasma biomarkers does not show a statistical relationship with patients\' age, race, and gender. The findings would be clinically important if the integrated biomarker panel is used for identifying early stage lung cancer.

Dysregulations of miRs‐21‐5p, 31‐5p, and 210‐3p have been reported to be associated with a variety of malignancies, including NSCLC.[34](#tca13337-bib-0034){ref-type="ref"}, [35](#tca13337-bib-0035){ref-type="ref"}, [36](#tca13337-bib-0036){ref-type="ref"} For example, the miR‐21 family has an important oncogenic role, whose overexpression contributes to tumor growth and metastasis, and is associated with poor prognosis and chemosensitive tumors.[34](#tca13337-bib-0034){ref-type="ref"} Furthermore, anti‐miR‐21 has been demonstrated to suppress cell growth of breast cancer through downregulation of the antiapoptotic factor, B‐cell lymphoma 2 (Bcl‐2). miR‐210‐3p has been reported to stimulate a hypoxic phenotype and upsurge radioresistance in NSCLCs.[35](#tca13337-bib-0035){ref-type="ref"} Hypoxia‐induced miR‐210‐3p can regulate tumor cell susceptibility to cytolytic T‐lymphocyte‐mediated lysis by a mechanism involving its downstream targets PTPN1, HOXA1, and TP53I11. Aberrant miR‐210‐3p expression in body fluids has been shown to assist in the diagnosis of several types of malignancies, including lung cancer.[37](#tca13337-bib-0037){ref-type="ref"} miR‐31‐5p downregulation in breast cancer is related to tumor metastases, whereas elevated miR‐31‐5p expression in colorectal cancer may be associated with late stage tumors.[36](#tca13337-bib-0036){ref-type="ref"} miR‐31‐5p dysregulation endorses KRAS mutation‐driven NSCLC, and hence plays a key role in lung tumorigenesis.[38](#tca13337-bib-0038){ref-type="ref"} Our current observations that the elevated expression levels of the three miRNAs in sputum and plasma of NSCLC patients further support their important roles in lung carcinogenesis.

The study may have some limitations. First, clinically useful biomarkers should have very high sensitivity and specificity for diagnosis of lung cancer. Integrated use of three miRNAs has a sensitivity of 85% and a specificity of 91%, which are still not sufficient to be used in the clinics for the early detection of lung cancer. We are aiming to identify new lung tumor‐associated miRNAs of the exfoliated bronchial epitheliums of airway in sputum by using whole genome next‐generation sequencing, which may provide additional biomarkers to be added in the integrated approach to more precisely diagnose lung cancer. Second, using LDCT for the early detection of lung cancer can reduce the mortality.[39](#tca13337-bib-0039){ref-type="ref"} However, LDCT always produces over‐diagnosis or a false positive rate.[39](#tca13337-bib-0039){ref-type="ref"} It would be interesting to evaluate whether the integrated panel of miRNA biomarkers could complement LDCT for the early detection of lung cancer by specifically reducing its over‐diagnosis. Third, small cell lung cancer (SCLC) accounts for approximately 15% of all lung cancers.[1](#tca13337-bib-0001){ref-type="ref"} However, specimens from SCLC patients were not available in this current study. Diagnostic potential of the biomarkers for the early detection of SCLC remains unknown. In our ongoing study, we are collecting sputum and plasma samples from patients diagnosed with SCLC to evaluate whether these biomarkers could be useful for the diagnosis of SCLC.

In conclusion, integrating sputum and plasma miRNA biomarkers has a synergistic value, and hence presents a potential approach for the early detection of NSCLC. Nevertheless, a large multicenter trial is required to confirm the integrated method before it can be translated in laboratory settings.

Disclosure {#tca13337-sec-0017}
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###### 

**Table S1** Expression levels of the sputum miRNAs and plasma miRNAs in NSCLC patients versus cancer‐free controls of the training cohort.

**Figure S1** The receiver‐operator characteristic (ROC) curve of sputum and plasma miRNA biomarkers for lung cancer diagnosis. Two sputum miRNAs (miRs‐21‐5p and 210‐3p) and one plasma miRNA (miRNA‐31‐5p) were selected as the best ones and incorporated into an algorithm: P = ex/ (1 + ex), where x = 6.62 + 1.84 × log (miR‐21‐5p)‐2.6 × log (miR‐21‐3p) ‐2.36 × log (miR‐31‐5p). The algorithm produced the area under the ROC (AUC) of 0.91 for distinguishing lung cancer cases from controls.

###### 

Click here for additional data file.
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